Abstract --The adoption of the best available estimate for the stator Leakage reactance is the first step in several equivalent circuit of synchronous machine parameter estimation. However, there is no specific test for its direct measurement. This paper presents a simple and riskless procedure to estimate the Leakage reactance using the information obtained from the Constant Excitation Test. The method theory is described and is applied to several machines from laboratory to hydro power plants. In the absence of absolute values of the Leakage reactance, the estimates are compared to the Potier and sub-transient reactances.
Index Terms--Synchronous machines, leakage reactance, parameter estimation.
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II. INTRODUCTION
HE ARMATURE leakage may be defined as the reactance due to the difference between the total flux produced by an armature current and the flux in the airgap produced by the same armature current. There are a number of components of stator leakage. Each component represents flux paths that do not cross the airgap linking into the rotor.
The leakage inductance, or its referred reactance, is the summation of the most pronounced components, commonly referred to as slot, zigzag, belt, skew and end-winding leakage paths, and are well described in [1] .
The determination of the equivalent circuit parameters of a synchronous machine is strongly dependent of the leakage reactance value; otherwise, an infinity number of circuits could be obtained to represent stator quantities. In fact, no matter which value of leakage reactance is adopted, with consequent variation of the equivalent circuit parameters, that the traditional parameters values will always be preserved. This issue was early pointed in [5] and formally treated in [6] [7] .
Therefore, the great majority of the machine modeling techniques starts with the adoption of the best available estimate for the stator leakage reactance which, in general, is considered as a given or assumed value [2] [3] [4] . This value is of utmost importance for the machine operation prediction, in both steady and transient states. Though, inappropriate specification of the leakage reactance also implies severe consequences on the saturation evaluation as the mutual reactances will vary accordingly [8] .
For more than a century, the determination of the leakage reactance have fascinating researchers who work with synchronous machines modeling and parameters determination. This because the leakage reactance is neither easy to calculate nor a direct measurable quantity on the assembled machines. Therefore, many methods and tests for the leakage reactance estimation have been proposed along the years.
The Potier reactance has been largely employed as a substitute of the armature leakage reactance. It is obtained from the Potier triangle constructed with information from the open circuit, short circuit, and zero power factor characteristics [3] .
Measurement of armature inductance with rotor removed is a standard method [4] . Nevertheless, it would be of difficult application in those large assembled machines. More recently, several methods have been proposed [9] [10] [11] [12] , including its approximation to the zero sequence reactance. It is worth notice that the Potier reactance has a higher value than the leakage reactance, mainly when the zero power factor test is conducted at rated voltage [13] . In addition, the leakage reactance may have a lower value than the d-and the q-axis sub-transient reactances, as it is an integral part of the formers. Therefore, during the comparisons, it should be kept in mind that the true leakage reactance value is smaller than the Potier and the subtransient reactances values.
III. THE CONSTANT EXCITATION TEST
The Constant Excitation Test was introduced in [15] and for a synchronous machine connected to the grid operating as a generator, it consists in performing active power variation, keeping the excitation current constant.
Considering the power chart of a salient pole synchronous Estimation of the Armature Leakage Reactance using the Constant Excitation Test machine depicted in the Fig. 1 , the loading point L is described by active and reactive powers, defining the powerfactor angle. The loading point is also connected to the extreme point V²/X q , defining the power angle with the reactive power axis.
The active and reactive power can be stated as a function of the length a, which goes from V²/X q to the semi-circle border, and of the length b, which goes from the semi-circle border to the loading point L, as follows:
Where:
Moreover, if the field current is kept constant, the machine internal induced voltage will be constant. Considering the situation in which the bus is strong enough to sustain constant the terminal voltage and disregarding daxis synchronous reactance variations, the value b will not vary, keeping its length constant (4).
The dashed line of Fig. 2 describes the excursion of the loading point of a generator synchronized to an infinite bus, having its active power increased by a primary mover, holding its excitation current constant. It is observed that while the active power increases, the reactive power decreases, describing the complex power loci for constant field currents.
Therefore, the Constant Excitation Test is conducted as soon as the machine is connected to the power system, with null active and reactive powers, and the excitation current is that necessary to obtain rated voltage at the open circuit saturation curve. At this condition the automatic excitation mode is switched off and set to manual operation. The active power is increased in steps of about 10%. In each step, voltage, active and reactive powers are registered, establishing a set of measured points.
IV. LEAKAGE REACTANCE ESTIMATION
The determination of the leakage reactance is based on the information obtained from the Constant Excitation Test and its phasor diagram, depicted in Fig. 3 . The following relationships between lengths can be obtained. If reliable values X d and X q are known, power angle can be calculated, and the voltage and current components at the d-and q-axis as well, using (7) to (9) . (7) (8) (9) Therefore, equation (6) has only two incognitos, x l and I fd , which are constants. The same equation can be rewritten for each loading condition measured in the Constant Excitation Test, allowing for the calculation of the estimator. The best estimates of x l and I fd are those whom minimizes the summation of the squares of the differences between the estimator of and the given value of X d .
V. METHOD APPLICATION
The proposed method was applied to several salient pole synchronous machines of many rated sizes, from a laboratory at EPFL and from different hydro power plants.
The rated values of the tested machines are summarized in Table 1 . Measurements were taken as soon as the machines were synchronized to the power system. Keeping the excitation current constant the units were loaded, voltage and active and reactive powers were recorded.
A spreadsheet was developed for the d-and q-axis quantities calculation, and for the Xl evaluation from the several measurements, using a first guess of X l and I fd based on their typical per unit values. A solver feature was employed to find the best estimates of X l and I fd that minimizes the sum of the squared differences between the calculated and the given value of X d .
Per unit measurements and the results from the application of the proposed methodology are summarized in the tables 2 to 7. For results evaluation purposes, the obtained leakage reactances were compared to the available values of reactance of Potier or to the direct axis subtransient reactance.
A. EPFL laboratory machine
The laboratory machine depicted in Fig. 4 was tested employing the proposed technique. On the other hand, this machine was extensively studied and had its parameters calculated using several standard techniques [14] , consisting on a excellent base of comparison. Table 2 presents the measurements of active and reactive powers and voltage according the Constant Excitation Test.
The obtained Xl is 0.057 pu, which agrees with the 0.06 pu Potier reactance. This leakage reactance is also lower than the minimum sub-transient reactance value of 0.13 pu. Appendix I presents machine testing and reactances calculations.
B. Furnas Hydro Power Plant
Furnas is a hydro power plant has eight 160 MVA units. Measurements made in unit #2 and result are described in Table 3 . The calculated leakage reactance is 0.16 pu. For this machine, the reactance of Potier is 0.18 pu and the directaxis sub-transient reactance is 0.20 pu. Therefore, the obtained result seems to be in accordance of the existent information.
C. Itaipu Hydro Power Plant
Itaipu is a 14,000 MW bi-national Brazil-Paraguay hydro power plant. Half of the 20 existent units generates voltage at 50 Hz to supply Paraguay, the other half generates at 60 Hz to supply Brazil. The Constant Excitation Test was applied to both types of machines. Table 4 
D. Sogamoso Hydro Power Plant
Sogamoso is hydro power plant in Colombia and the underground powerhouse accounts with three units totalizing 820 MW. The Constant Excitation Method was applied to the unit #2 and the obtained measurements are presented in Table 6 . The same table shows the resultant leakage reactance of 0.118 pu. The given values of the leakage reactance and of the d-axis sub-transient reactance are 0.13 and 0.246 respectively.
E. Pehuenche Hydro Power Plant
The Pehuenche hydro power plant is located in Chile. Measurements and calculations are described in Table 7 . The obtained Xl is 0.136 pu, which is in consonance with the given values of the Potier reactance and of the d-axis subtransient reactance are 0.16 and 0.215 respectively.
VI. CONCLUSIONS
This paper presented a novel methodology to estimate the armature leakage reactance of a synchronous machine, using the Constant Excitation Test and simple calculations over the measured data. The method was applied to different salient pole generators achieving very good results. The obtained leakage reactances were simply compared to values declared by manufacturers, obtained from standard methods, or to the d-axis sub-transient reactance, rather than specifying any error metric. This was done because, due to the small values of the leakage reactance, the percentage errors seem to be larger even for the minor differences.
It should be reinforced that the test is simple to apply and can be applied to a machine under operation with virtually no-cost and no-risk of damage. The method is suitable for medium and large sized power machines already installed or those constructed in the field, rather than for the prototypes or laboratory machines. For the large machines, the armature resistance can be neglected and the obtained leakage reactance is useful to evaluate design assumptions, to compare with manufacturer information, or simply to retrieve lost information.
VII. ACKNOWLEDGMENTS APPENDIX LABORATORY MACHINE PARAMETERS ESTIMATION
Potier reactance and sub-transient reactances were determined for the laboratory machine. Open circuit, short circuit, and zero power factor tests were carried out [4] and the results are shown in Figs. 5-a, 5-b, and 5-c, respectively. Fig. 5-d shows details to obtain the voltage across the Potier reactance, which was found 0.06 pu.
Sub-transient reactances were measured using the applied voltage test with the rotor in an arbitrary position [5] . In this test the synchronous machine rotates at a very low speed with the short-circuited rotor circuit.
Two phases are supplied with a single-phase AC voltage source at rated frequency and the voltage necessary to induce a current between 0.2 and 0.7 pu. Armature voltage and current, and field current are measured.
The axis positions are known with the current induced in the rotor circuit as seen in Fig 6. The d-axis corresponds to the instant related to the maximum field current, whereas the quadrature axis is assigned to the minimum amplitude. For each case, the sub-transient reactance is calculated as: (10) The obtained values are 0.13 pu and 0.22 pu, for X" q and X" d , respectively. 
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